Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder, caused by mutations in a single gene (OMIM #162200, neurofibromin, 17 q11.2) affecting the development-maintenance-repair of neural and cutaneous tissues. Neurofibromatosis type 1 is the most common human monogenetic disease (1:3000, affecting nearly 80,000 Brazilian people) and it exhibits marked phenotype expression variability and an unpredictable course 1, 2, 3 . Recently, we described decreased muscular strength 4 and lower aerobic capacity in NF1 individuals
damage, especially in the brain 7 . The main human physiological mechanisms to dissipate metabolic heat consist of increased skin temperature, through cutaneous vasodilation and sweat production and vaporization, both simultaneously triggered by increased internal and skin temperatures. Individual characteristics may affect the magnitude of thermoregulatory responses, including sex, aerobic capacity, as well as the existence of any disease 6, 8, 9 . As an example, the neuropathy caused by progressive central demyelization in multiple sclerosis produces systemic failure in maintaining internal temperature during heat exposure due to decreased neural control of cardiovascular responses and impaired sweat function. As a result, most multiple sclerosis patients experience transient and temporary worsening of clinical signs and neurological symptoms during exposure to higher environmental temperatures and exercise 10 . Additionally, exercise intolerance and sweating dysfunction are considered common manifestations of diabetic autonomic neuropathy, even in the early stages of this disease, once the sweating response is diminished or completely suppressed, especially in lower limbs 11, 12 . Neuropathy in NF1 patients has been related to nerve compression and/or loss of function by the growth of neurofibromas, or to inappropriate genetic signaling between neural cells, and it is considered to be a benign condition. Polyneuropathies and neurofibromatous neuropathy have been rarely reported in 1.3% to 6% of NF1 patients, depending on the investigational methods applied 13, 14, 15 . However, to the best of our knowledge, central and peripheral thermoregulatory responses to heat stress have not been studied in NF1. Moreover, the reduced exercise functional capacity 5 together with heat intolerance complaints in our clinical observations led us to hypothesize a thermoregulatory dysfunction in NF1 patients.
Therefore, the aim of this study was to compare autonomic thermoregulatory responses of NF1 individuals with non-NF1 controls matched by sex, age, height and weight.
METHODS
We assessed 14 males and 11 females with NF1 (NF1 group), from 16 to 57 years of age, selected among patients of the Neurofibromatosis Outpatient Reference Center. They met at least three NF1 diagnostic criteria (National Institutes of Health Consensus Development Conference, 1988 Council (1996) on scientific research involving humans. All volunteers provided written informed consent prior to participating in the trials.
The sweating responses were induced twice: by local stimuli via administration of pilocarpine 1% (PILO) using a previously validated protocol9, and by central stimuli, through a passive heating protocol (HEAT). In both situations, volunteers remained seated during all tests after anthropometric (body weight, height, and body surface area) and hydration status (urine specific gravity) evaluations were performed. Additionally, tympanic temperature (Tty) and skin temperatures (Tsk) were monitored every 15 and 2 minutes, respectively, by specific infrared thermometers (G-TECH® IR1DB1, Brazil and FLUKE 566, Brazil).
At first, sweat secretion was locally induced at the proximal anterior face of the right forearm by local administration of pilocarpine hydrochloride (4 mL; 1%) using iontophoresis (1.5 mA, 60 μA.cm -2 , 5 min), under neutral environmental temperature conditions (~24° C). To prevent individual variations in local skin temperature, the forearm was heated for 15 minutes prior to pharmacological stimulation and its temperature was maintained (~35° C) throughout the experiment, using radiant heat from an adjustable infrared emission lamp (Quartz®, Brazil). It has been shown previously that these procedures induce maximal sweating to pilocarpine, irrespective of sex and aerobic capacity 9 . Sweat secretion was collected for 15 minutes just after stimulation using a 16 cm 2 absorbent paper (J Prolab, Brazil) placed inside a plastic chamber to prevent sweat evaporation. Active sweat glands (ASG) were printed using the iodine impregnated paper technique, and quantified (gland.cm -1 ) via digital processing using a free computer program (ImageJ) as previously described 15 . The local sweat rate (SR) was determined based on differences in weight of the absorbent paper before and after sweat collection (Mettler Toledo AB 204 analytical scale, USA) divided by its area and time of collection. Finally, sweat gland output (SGO) was calculated by dividing SR by ASG.
Secondly, approximately six months after the first test, volunteers were passively heated through lower-leg immersion (30 cm) in hot water (42°C) for 60 minutes. The environmental air temperature was maintained between 28°C and 30°C. Collection of sweat (throughout the experiment) and ASG imprints were obtained in the same region of the right forearm, as described above. Sweat and ASG imprints were also collected from the right upper-chest, right upper-back and anterior right mid-thigh. Temperatures (Tty and Tsk on each of the four areas described above), sweating (SR, SGO) and heat storage rates were also recorded. Heart rate and arterial blood pressure (systolic, diastolic and mean blood pressures) were continuously monitored using a cardiofrequencimeter (Polar® Vantage NV) and an arterial tonometer (Colin® 2000, Texas) respectively.
Statistical analysis
In the PILO experiments, the Student's t-test was used to assess differences between the groups in physical characteristics, SR, ASG, and SGO, and one-way ANOVA with repeated measures was used to evaluate differences between groups, and over time, in Tty and Tsk. In the HEAT experiments, SR, ASG and SGO differences were assessed using two-way ANOVA, with the groups and body areas as factors.
During the entire duration of the HEAT experiments, one-way ANOVA or two-way ANOVA with repeated measures was used to compare Tty among groups and Tsk, heart rate and arterial pressure parameters between the groups and body areas, respectively. ANOVA analysis was followed by Fisher's least-significant difference post-hoc test when applicable. Finally, physical characteristics, in both experiments, and heat storage rate in HEAT, were evaluated with the Student's t-test. Significance was established at α = 0.05 and results are presented as mean ± standard deviation.
RESULTS

Physical characteristics of males and females in the NF1
and CG groups are shown in Table 1 . The NF1 and CG were successfully matched and there were no differences between them in age, height, weight or body surface area. However, both NF1 and control group men were taller, heavier and presented a bigger body surface area than women, as expected.
The NF1 volunteers presented with reduced sweating responses to local pharmacological stimulation (Figure 1 .min -1 , p < 0.05) were reduced in the NF1 group when compared to the CG, irrespective of sex. Nevertheless, the number of ASG was reduced only among women in the NF1 group compared to the CG ( females: NF1 = 98 ± 21 vs. CG = 129 ± 33 glands.cm -2 , p < 0.05). The typical differences in sweating between sexes was also observed: men displayed higher SGO and lower ASG than women (p < 0.05).
The PILO phase of the study was designed to prevent influences of core, skin and environmental temperatures on sweating. This objective was attained once there were non-significant variations of core (tympanic range: 37.17 ± 0.35 to 37.34 ± 0.66°C; p > 0.05), local skin ( forearm range: 34.39 ± 0.25 to 34.47 ± 0.6°C; p > 0.05), and environmental temperatures (air range: 23.86 ± 0.39 C to 24.20 ± 0.58°C; p > 0.05) .
During central stimulation via passive heating (HEAT), the NF1 group sweat secretion was also reduced (Figure 2 ). The NF1 sub-groups showed lower SR in every region measured: (males: forearm = 0.18 ± 0.07; chest = 0.25 ± 0.09; back = 0.31 ± 0.15; thigh = 0.09 ± 0.05; and females: forearm = 0.12 ± 0.01; chest = 0.23 ± 0.13; back = 0.27 ± 0.14; thigh = 0.07 ± 0.05) when compared to the CG sub-groups (males: forearm = 0.26 ± 0.07; chest = 0.46 ± 0.21; back = 0.49 ± 0.23; thigh = 0.14 ± 0.04; and ; p < 0.05). Similarly, the SGO was significantly reduced in the NF1 group when compared to controls in almost every region (except the back), but only in female groups (NF1: forearm = 1.01 ± 0.64; chest = 3.09 ± 1.64; back = 5.18 ± 2.87; thigh = 0.74 ± 0.63 vs. CG: forearm = 1.89 ± 0.69; chest = 5.44 ± 3.11; back = 3.27 ± 1.81; thigh = 1.86 ± 0.68 µg.gland -1 .min -1 ; p < 0.05). Lastly, ASG was lower only in the back region between females NF1 (77 ± 16; 54 ± 1) and CG (70 ± 22; 98 ± 25 glands.m -2 ) (p < 0.05). Heat storage rate was expressively higher in the NF1 group (males: 3212 ± 236; females: 2,065 ± 230 J.min -1 .m²) than in controls (males: 93 ± 1,171; females: 559 ± 1,198 J.min -1 .m²; p < 0.05) and, as a consequence, NF1 patient tympanic temperatures showed a larger increase than controls, becoming higher in NF1 groups at the end of the test (Figure 3 ; males: NF1 = 38.5 ± 0.4°C vs. CG = 38.0 ± 0.2°C and females: NF1 = 38.5 ± 0.4 vs. CG = 38.1 ± 0.2ºC; p < 0.05). In contrast, skin temperatures decreased in a similar way during the experiment in all groups and in every body region measured (Tskin initial range: 33.30 ± 0.87° C to 35.01 ± 0.40°C and Tsk final range: 32.80 ± 1.3°C to 33.72 ± 0.90°C; p > 0.05). Table 2 shows the NF1 and control groups' cardiovascular responses to passive heating. In both NF1 and control groups, the heart rate increased, and systolic blood pressure remained stable throughout the test. Nevertheless, while heart rate and systolic blood pressure behaviors were not different between groups, the NF1 group's diastolic blood pressure and mean blood pressure did not display the expected decrease in those variables, resulting in higher end values in the NF1 group (males: -1.69 ± 4.29; females: -0.80 ± 3.77 mmHg) when compared to controls (males: -6.73 ± 4.43; females: -7.50 ± 4.64 mmHg; p < 0.05).
DISCUSSION
The present study has identified markedly reduced thermoregulatory capacity in NF1 patients, which could contribute to their reduced aerobic capacity and daily physical activities as well as increasing their risk of heat injury and illnesses. These results suggest an autonomic neuropathy as the maim mechanism for reduced heat and exercise tolerance in NF1 patients.
Volunteers with NF1, irrespective of sex, showed lower sweat production both after local pharmacological stimulation and after central sweat induction by passive heating when compared to non-NF1 controls matched by age and anthropometric characteristics. The present study is the first to describe decreased thermoregulatory responses in NF1.
Impairments in the SR to local and/or central stimuli has already been reported in other diseases affecting the neural tissues, such as diabetes 11, 12, 16 , tuberous sclerosis 17, 18 , multiple sclerosis The present results showed reduction of 35% to 65% in sweat secretion (induced by PILO and HEAT protocols) among NF1 volunteers compared to non-NF1 individuals. In the PILO tests, the reduction was associated with a decrease in sweating production (SGO = -39%) shown by NF1 males, and with a decrease in both SGO (-47%) and number of active sweat glands (ASG = -34%) presented by NF1 females. However, during HEAT, only NF1 females displayed lower SGO when compared with CG females. Therefore, it is not possible to conclude if the lower NF1 male SR is related to reduced ASG, SGO, or both.
Pilocarpine stimulation of eccrine sweat glands is produced by direct binding of the cholinergic agonist to the muscarinic receptors on the gland, independent of sympathetic drive 21 . Therefore, it is possible that the NF1-reduced sweat response elicited by the present method reflects disturbances in glands per se, specifically in their morphology (i.e. dystrophic or atrophic changes) and/or in their cholinergic sensitivity. Nevertheless, some degree of impairment of the central nervous system can also explain, at least in part, the NF1-reduced sweating. For instance, after sympathectomy, local sweating responses to pilocarpine becomes exacerbated, but it subsequently decreases and, in some cases, ceases completely 22 . Decreased pharmacologically induced sweat production observed in type 1 diabetes and multiple sclerosis is an early sign of neuropathy, and it has been associated with reduced sympathetic nerve fiber density in the sweat glands 10, 23, 24 . In NF1, the development of large cutaneous and subcutaneous neurofibromas may cause dysfunctions in peripheral nerves leading to chronic pain, sensory loss, weakness or even palsy. Additionally, a symmetrical diffuse neuropathic process associated with thickening of peripheral nerves (called neurofibromatous neuropathy), can also cause distal sensory-motor symptoms 1, 14 . Drouet et al. showed that, although asymptomatic in many cases, NF1 peripheral neuropathy constitutes a potentially severe complication as it is associated with increased morbidity related to the neuropathy itself, to spinal cord involvement and/or degeneration of a malignant peripheral nerve sheath tumor 13 . Nevertheless, until now, no studies have linked autonomic neuropathy to NF1 thermoregulatory capacity and heat intolerance.
As has been already described, there is a 10% reduction in aerobic capacity in NF1 patients 5 and, the present NF1 decrease in SR could possibly be related to the lower VO 2max and/or physical training levels, as is observed in healthy individuals 25, 26 . In a previous study applying the present method, healthy volunteers showed 20% reduced sweating response related to 20% reduced aerobic capacity 9 . Therefore, it seems unlikely that the 10% lower VO 2max previously reported in NF1 could exclusively explain the 35% to 65% reductions in NF1 SR observed here.
The NF1 volunteers also presented with less reduction in diastolic and mean arterial blood pressure in response to heat stress. During body hyperthermia states, physiological peripheral vasodilation mediated by neural and local (endothelial function) factors shifts part of the cardiac output to the skin surface for heat dissipation. Therefore, skin blood flow has a key role in normal thermoregulation and any disruption in its neural or/and local control may lead to impaired thermoregulation 27, 28, 29 . It is possible that some degree of endothelial dysfunction observed in NF1 patients 30 could contribute to the NF1-reduced vascular thermal response in the present study. It is interesting to note that, just like sweat production/secretion, vascular tone is directly regulated by the sympathetic nervous system, and therefore disturbances in the vasodilation response could be another indirect sign of neuropathy.
The possible mechanisms of lower responses of sweating and diastolic pressure control in NF1 may include sweat gland tissue dysplasia, lower cholinergic gland sensitivity, neuropathy and impairment in the vasodilation response. Therefore, the association of both lower sweat capacity and impaired vascular response is suggestive of an NF1 autonomic neuropathy, which should be confirmed by further histological and functional studies.
Finally, during passive heating, the NF1 group's internal temperature increased earlier and faster, reaching higher final values (+ 0.6 o C), leading to almost 10 times greater heat storage rate than controls. These findings are clear evidence of reduced thermoregulatory capacity caused by lower sweat capacity and impaired vascular response to heat stress in NF1. Nevertheless, considering the magnitude of heat storage observed, it should be safer to include NF1 as a predisposing factor to the development of heat illnesses during heat stress and/or intense exercise.
In conclusion, the NF1 volunteers presented with a markedly reduced thermoregulatory capacity, evidenced by lower sweating and vascular responses to pharmacological and passive heating stimuli compared to non-NF1 controls. Further large sample studies could support the present findings.
